Terahertz VRT laser spectra of four ͑H 2 O͒ 2 intermolecular vibrations consisting of 362 transitions have been measured between 87 and 108 cm Ϫ1 with ca. 2 MHz precision. The results differ both qualitatively and quantitatively from the predictions of dimer potentials tested. The spectra also reveal an ordering of the intermolecular vibrations which differs dramatically from that predicted by normal mode analysis. Strong coupling is indicated between the low barrier tunneling motions and the intermolecular vibrations as well as among different vibrations. In particular the 102.1 cm Ϫ1 ͑H 2 O͒ 2 vibration assigned as the acceptor wag ( 8 ) exhibits two types of perturbations. In one of these a component of K a ϭ1 coupling with a tunneling component of K a ϭ0 in the 108 cm Ϫ1 acceptor twist ( 11 ) vibration. There is also an indication that the 103.1 cm Ϫ1 ͑H 2 O͒ 2 band assigned as the donor in-plane bend ( 6 ) is coupled to the acceptor wag resulting in a lower of the in-plane bend frequency and a higher acceptor wag frequency. Detailed analysis of the VRT levels confirms the extreme nonrigidity of this complex, indicating that the use of approximate models with reduced dimensionality to calculate its properties are likely to fail.
I. INTRODUCTION
In the accompanying paper ͑paper I͒ describing our spectroscopic studies of the intermolecular vibrations of ͑D 2 O͒ 2 , the background, requisite group theory, and experimental details are given. Here the results of our corresponding terahertz laser spectroscopy measurements of four intermolecular vibrations of ͑H 2 O͒ 2 are presented and discussed.
Both the measurement and the assignment of ͑H 2 O͒ 2 spectra are far more difficult than for the case of ͑D 2 O͒ 2 . Every other line is missing from the A 1 ϩ /B 1 Ϫ and B 1 ϩ /A 1 Ϫ spectra due to the zero statistical weights of B 1 levels. This, along with the larger rotational constants, produces much more sparse spectra that are more difficult to identify within a dense data set. Moreover ͑H 2 O͒ 2 exhibits much larger tunneling splittings, such that the spectra of a single intermolecular vibration may require several different FIR lasers to be fully characterized. Intermolecular vibrations of ͑H 2 O͒ 2 occur at higher frequencies than ͑D 2 O͒ 2 , where strong FIR laser lines are more sparse. Finally, the higher nonrigidity of ͑H 2 O͒ 2 allows the intermolecular vibrations to be more closely spaced. This, along with the larger tunneling splittings, results in vibrational spectra that are overlapping. As will be seen, four intermolecular vibrations have been measured in this work, but they are not as completely characterized as the four corresponding ͑D 2 O͒ 2 intermolecular vibrations also reported, and three of them occur very close in frequency.
There is no experimental determination of the acceptor switching splitting for ͑H 2 O͒ 2 like that for the ͑D 2 O͒ 2 performed by Paul et al. 1 Only the sum of the K a Љϭ0 and K a Љ ϭ1 ground state splittings is known to be ϳ411 GHz from the work of Zwart et al. 2 This is because the K a Љϭ1 levels of the ''1's'' are not populated in rotationally cold molecular beams. These levels are more than 13 cm Ϫ1 above the K a Љ ϭ0 levels. Therefore only the change in the acceptor switching can be determined from the following data. The acceptor switching splitting for K a Љϭ0 was estimated using the Local IAM model of Coudert and Hougen to be ϳ280 GHz. 2, 3 However, from the well-characterized ground state it is found that there is a Coriolis coupling in the ''2's'' between K a Љϭ0 and the upper asymmetry component of K a Љϭ1 which makes the combination differences very different for each tunneling component. This makes unambiguous assignment for each tunneling component and K a value possible if most of a VRT spectrum has been observed, unlike the case of ͑D 2 O͒ 2 . Moreover, for the ''1's'' the B 1 levels are absent due to a zero nuclear spin statistical weight, providing a unique spectral signature.
II. SPIN STATISTICS AND PERTURBATIONS
For the subsequent discussion, it is necessary to give additional group theoretical details specific to ͑H 2 O͒ 2 . The product of the four Iϭ1/2 proton nuclear spin functions of ͑H 2 O͒ 2 generate a (2Iϩ1) 4 dimensional representation of G 16 . This reduces to the direct sum 6A 
Ϫ energy levels will not be observable, thus generating spectra with ''missing'' lines.
It has been found that A 2 /E 2 /B 2 states with K a ϭ0 and 1 in the ground state are perturbing one another ͑within the ''pseudodiatomic approximation'' each K a level is treated separately͒. A model was proposed by Hu and Dyke 5 which coupled the vibrational angular momentum with the overall rotation of the complex, resulting in a b-type Coriolis interaction. Since K a is not a good quantum number, the K a ϭ0 and K a ϭ1 states are allowed to mix if they have the same overall symmetry and same J. This model has the form
where W 0 and W 1 are the unperturbed, conventional energy level expressions
Although a complete deperturbation is still not achieved, this model is effective in that it was possible to obtain rotational constants which were in much better agreement with those of the other unperturbed states. However, a review of the correlation matrix still shows a strong correlation between (B ϩC)/2, (BϪC)/4, and , due to the similarity in the dependence on J(Jϩ1) for the rotational constants and J 2 (J ϩ1)
2 of the Coriolis interaction constant. Similar perturbations have been observed within the 103.1 cm Ϫ1 band corresponding to the acceptor wag, and the same model was used to treat these. 6 
III. RESULTS AND DISCUSSION
A. The 87 cm À1 band: Donor torsion " 12 … Forty-seven perpendicular b-type transitions from the K a Љϭ0 ground state to the K a Јϭ1 upper state have been measured for the three tunneling components of the ''1's.'' The stick spectrum is shown in Fig. 1 , and the transitions are listed in Table I This vibrational motion is expected to couple to the acceptor switching and bifurcation tunneling pathways. Observation of the ''2's'' with K a ϭ0→1 should reveal a very different interchange splitting from that observed for the ''1's'' and approximately a doubling of the acceptor switching splitting, indicating that the ''2's'' should be found near 2900 GHz. While the ͑H 2 O͒ 2 vibration is expected to behave similarly to the ͑D 2 O͒ 2 analog, it is important to remember that the mass difference in the hydrogen and deuterium atoms will affect the amount of change in the tunneling split- 
K a Ä0 and 1\0 subbands
Parallel a-type transitions for all six tunneling components with K a ϭ0→0 were observed as well as c-type transitions for the three tunneling components corresponding to the ''2's'' with K a ϭ1→0. It is unlikely that the K a ϭ1 →0 levels for the ''1's'' can be observed since the K a Љϭ1 levels are more than 13 cm Ϫ1 above the K a Љϭ0 levels. These levels are not significantly populated in the molecular beam (T rot ϳ5 K) with argon as the carrier gas.
These assignments were verified by the absence of a Q branch for the K a ϭ0→0 transitions, the presence of a Q branch for the K a ϭ1→0 transitions and the presence of P(1) transitions in both cases. The band origin for the ''1's'' was determined to be 3 235 539.5 MHz, and for the ''2's'' the band origin is 2 929 212.8 MHz. The fitted parameters for all subbands are in Table IV 2 is close to the correct value then there is a reordering of the energy levels about the acceptor switching splitting. If observation of the K a ϭ1→0 transitions for the ''1's'' were possible, then these should lie near 2824 GHz.
The interchange splitting in the ''1's'' was determined to be 88.5 GHz, almost four times the ground state K a Љϭ0 value of 22.5 GHz. For the ''2's'' the interchange splitting was determined to be only ϳ500 MHz, nearly 39 times less than the ground state K a Љϭ0 value of 19.5 GHz. Decomposition of the interchange splitting into geared and antigeared components as suggested by the IAM model 3 results in a geared interchange value of 44.5 GHz and an antigeared component of 45.0 GHz, indicating that the geared and antigeared tunneling pathways are equally important contributing ϳ50% each to the total interchange splitting, as compared to the ground state where the antigeared component is only 5% of the total interchange splitting. In the ͑D 2 O͒ 2 analog the antigeared component is 10% in the excited state K a Јϭ0.
The bifurcation shift is ϳϪ2.3 GHz, a decrease of 2.7
GHz from the ground state K a Љϭ0 value in the ''1's'' and ϳϩ6.0 GHz in the ''2's'' a decrease of 5.0 GHz. There is a substantial reordering in the energy levels. The E 2 Ϫ /E 2 ϩ levels are significantly lower than the A 2 Ϫ /B 2 ϩ and B 2 Ϫ /A 2 ϩ levels. The A 2 Ϫ /B 2 ϩ and B 2 Ϫ /A 2 ϩ levels are very close together ͑see Fig. 5͒ . Also the ''1's'' are now most likely above the ''2's'' which is opposite of what is seen in the ground state. This drastic reordering of the states suggests a strong coupling between the vibration and both the acceptor tunneling and donor tunneling pathways. Examination of the acceptor tunneling motion shows an initial ''flip'' of the acceptor monomer before rotation of the donor and overall rotation of the complex. The flip is similar to the acceptor wag motion which could result in strong coupling. The bifurcation tunneling pathway also requires a flip of the acceptor as part of the total motion. 7 The K a Јϭ0 and 1 levels for the ''1's'' are very close together. Two of the tunneling components experience a Co- 
K a Ä0 and 1\1 subbands
Perpendicular c-type transitions for all six tunneling components with K a ϭ0→1 were observed as well as a-type transitions for the three tunneling components corresponding to the ''2's'' with K a ϭ1→1. These assignments were verified by the presence of Q branches in each case starting with Q(1) and the fact that there were two sets of transitions with K a ϭ1→1 for each tunneling component.
The band origin for the ''1's'' was found to be 3 296 698.2 MHz and for the ''2's'' the band origin is 3 369 065.0 MHz the acceptor switching splitting has increased by 72 GHz compared to K a Љϭ0. As in the ͑D 2 O͒ 2 analog, the energy levels for the ''1's'' are lower in energy than the ''2's,'' which is opposite of what is expected for an AЈ vibration.
The interchange splitting for the ''1's'' is determined to be 157.0 GHz, and for the ''2's'' it is 102.3 GHz. The geared interchange component is determined to be 129. the antigeared component is 27. 4 GHz, composing about 18% of the total interchange splitting if the IAM picture is assumed compared to 29% in the ͑D 2 O͒ 2 analog. The bifurcation shift for the ''1's'' is ca Ϫ20.9 GHz, and for the ''2's'' it is ca ϩ22.1 GHz. This is a decrease of 21.5 GHz ͑ϳ40 times the ground state value͒ for the ''the 1's'' and an increase of 11 GHz for the ''2's'' ͑ϳ2 times the ground state value͒. The (BϩC)/2 rotational constants vary greatly within the multiplet of the ''1's.'' The deperturbed value for the A 1 ϩ /B 1 Ϫ levels which are the most perturbed is 6279.7 MHz. For the E 1 ϩ /E 1 Ϫ levels it is 6199.1 MHz and for the A 1 Ϫ /B 1 ϩ it is 6155.8 MHz ͑not perturbed͒. The distortion constants are just as abnormal, ranging from ϳ5 to 2519 kHz. Clearly, there is still considerable Coriolis contamination of these constants. It is also possible that these two states are being perturbed by some other as yet unobserved vibrational state of the same symmetry which is slightly lower in energy. This would account for the fact that both (BϩC)/2 rotational constants for K a ϭ0 and 1 are larger than the ground state value.
A Coriolis constant ͑͒ was employed in a manner similar to that used in the ground state in an attempt to deperturb these states. is slightly perturbed by the K a Јϭ0 level of the acceptor twist ( 11 ) vibration with the same tunneling label. This perturbation will be discussed in the section dealing explicitly with the acceptor twist vibration. In Table IV for the perturbed B 2 Ϫ /A 2 ϩ levels is negative for the uncorrected fit indicating that the lower asymmetry component is pushed above the upper asymmetry component ͑see Fig. 5͒ . The deperturbed value is 5.6 MHz. The (BϪC)/4 value for the other two tunneling components are 19.2 and 10.5 MHz for A 2 Ϫ /B 2 ϩ and E 2 Ϫ /E 2 ϩ , respectively. It is likely that the deperturbation was not complete. The associated distortion constants (d j ) range from Ϫ1.4 to ϩ4.0 kHz, close to the average value of Ϫ5 kHz for the ground state.
The A rotational constant can be estimated as in paper I. Using the band origins given in Table IV , A was determined to be 240 GHz compared with 227.6 GHz for the ground state. 2 The assignment of this vibration was made difficult by the many perturbations. Comparing the data with what is already known about the analogous vibrations in ͑D 2 O͒ 2 has made this assignment possible. There are three possible AЈ intermolecular vibrations. After attempts to deperturb this vibration it can be seen that the (BϩC)/2 rotational constants decrease on average from those of the ground state value. This was also the case for the 83 cm Ϫ1 ͑D 2 O͒ 2 analog. The 104 cm Ϫ1 ͑D 2 O͒ 2 AЈ vibration showed on average an increase in the (BϩC)/2 value and was assigned to the inplane bend ( 6 ). Observation of two components of another AЈ band near 103.1 and 123 cm Ϫ1 ͑discussed later͒ also exhibit an increased value for the rotational constant. The third AЈ vibration possible is the O-O stretch which is predicted to be near 150 cm Ϫ1 in the pseudodiatomic approximation using the ground state centrifugal distortion constants. This vibration should be characterized by a large decrease in the rotational constants (BϩC)/2 due to the change in the separation of the heavy oxygen atoms. There is evidence for this vibration near 141 cm Ϫ1 which will be reported in a future paper. With this knowledge it is reasonable to assign the present band to the acceptor wag ( 8 ).
There is a sharp deviation from the IAM picture evident reordering of the energy levels. It is clear that there is considerable coupling between the tunneling motions and this intermolecular vibration. The tops of the tunneling barriers are being approached and the high barrier limit is no longer valid.
C. The 103.1 cm À1 band: In-plane bend " 6 … Thirty-nine parallel a-type and perpendicular c-type transitions have been measured for E 2 Ϫ /E 2 ϩ tunneling states with K a ϭ0 and 1→0 and for B 2 Ϫ /A 2 ϩ states with K a ϭ0 and 1→1. The data are represented in the stick spectrum of Fig.  6 and the transitions are listed in Table V . There are few data for this vibration due to the lack of FIR lasers to complete the higher frequency data set and a lack of sensitivity when the lower frequency data were measured. By process of elimination and comparison to ͑D 2 O͒ 2 results this vibration is assigned to the in-plane bend ( 6 ).
K a Ä0 and 1\0
The band origin of the K a ϭ0 and 1→0 subband is 3 093 462.8 MHz. All parameters are listed in Table VI , and the energy level diagram is shown in Fig. 7 . Attempts to locate the other two symmetry components of this fork have been unsuccessful so far. The (BϩC)/2 rotational constant is 6251.9 MHz, a 1.4% increase above the K a Љϭ0 ground state value. This band is analogous to the 104 cm Ϫ1 band in ͑D 2 O͒ 2 which also exhibits an increase in the K a Јϭ0 rotational constant. The distortion constant (D j ) is 49.9 kHz, an increase of 2.7 kHz ͑5.7%͒ above the K a Љϭ0 value.
K a Ä0 and 1\1
The band origin for the K a ϭ0,1→1 It was observed that the a-type transitions were much weaker than the c-type transitions. In fact only one transition with K a ϭ0→0 was measured although the frequency range which would include other transitions with K a ϭ0→0 has been scanned. A possible explanation for this is as follows. For the in-plane bend, there is no displacement along the b inertial axis and only a small displacement along a. However, the displacement along c is expected to have an observable effect. One might expect large repulsive forces hindering the bending motion above the ͑ab͒ plane due to the two free hydrogens in the acceptor monomer. This would lead to an average displacement below the ͑ab͒ plane and an increase in the C constant.
D. 108 cm

À1
"H 2 O… 2 band: Acceptor twist " 11 … Forty-seven perpendicular b-type spectra were observed near 108 cm Ϫ1 with K a ϭ1→0 for the ''2's.'' This AЉ vibration has been assigned to the 11 , acceptor twist. The stick spectrum is depicted in Fig. 8 Transitions corresponding only to the ''2's'' have been observed so far for this vibration. This assignment was confirmed through use of combination differences and the observation of JЉϭ1→JЈϭ0 transitions. Since only b-type transitions are allowed for this vibration, transitions to K a Јϭ0 of the ''1's'' must originate from the ground state K a Јϭ1. Recall that the K a Љϭ1 levels of the ''1's'' are about 13 cm Ϫ1 above the K a Љϭ0 levels and are unlikely to be populated in the molecular beam. It is unlikely that the K a Јϭ0 levels for the ''1's'' will be observed for this ͑H 2 O͒ 2 vibration making it impossible to determine the change in the acceptor switching splitting.
E. K a Ä1\0
The band origin is 3 267 984.3 MHz. The fitted parameters are given in Ϫ1 AЈ band is interacting with this band through a Coriolis interaction. This is similar to the interaction observed between components of the ͑D 2 O͒ 2 acceptor twist and acceptor wag vibrations. A fit was performed using a Coriolis coupling term to estimate the perturbation and obtain rotational constants that are similar to the other unperturbed components. A Coriolis constant ͑͒ of ϳ600 MHz gives a (BϩC)/2 value of 6185.7 MHz. Since the deperturbation was not complete this implies it has not been treated correctly. A more complete description is probably required using higher order interaction terms. This is the same problem experienced in ͑D 2 O͒ 2 between the acceptor wag and acceptor twist.
The distortion constants (D j ) increase by 0.6 to 14.6 kHz for the unperturbed E 2 Ϫ /E 2 ϩ and A 2 Ϫ /B 2 ϩ levels, respectively, and an increase of 48 kHz for the B 2 Ϫ /A 2 ϩ component was determined. Using the above Coriolis constant of ϳ600 MHz this D j is calculated to be 28 kHz. The Coriolis coupling scheme is not believed to be correct for this particular interaction, but these numbers serve as an estimate of the perturbation.
The interchange splitting has increased to 281.6 GHz ͑ϳ9.4 cm Ϫ1 ͒ in K a Јϭ0 more than 14 times larger than K a Љ ϭ0. An energy level diagram is depicted in Fig. 9 . At first glance this seems exceedingly large. However, referring back to the analogous splitting in the ͑D 2 O͒ 2 acceptor twist vibration discussed in our accompanying paper, it was found that the interchange splitting was almost 13 times larger than the K a Љϭ0 value. A comparable change has occurred in ͑H 2 O͒ 2 . The bifurcation shift has decreased by 24.5 GHz, approximately three times the K a Љϭ0 ground state value.
IV. SUMMARY
The spectra and analysis for four intermolecular vibrations of ͑H 2 O͒ 2 were reported significantly increasing the measurements available for characterization of the water dimer. A summary energy level diagram of the measured intermolecular vibrations is given in Fig. 10 . The spectra exhibit numerous perturbations and deviations from the local IAM model and are both qualitatively and quantitatively different from the predictions of popular pair potentials.
